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Why this alloy,
why nhow?



Background — Application

Problem: Conventional materials and processing
techniques limit the design of combustor domes

used in jet turbine engines.

Dome cooling
holes

Proposed Solution: Develop a high ductility, high
temperature material for an additively-manufactured
(AM) combustor fuel nozzle and dome for supersonic

aircraft (>1093°C (2000°F) operating temperature).

* Lead to several improvements to the turbine
combustor design ultimately reducing NOx pollution

and lowering weight.
Air path with swirlers
and converging-

* May enable lean-front-end small-core combustors.
diverging venturis

Schematic of AM produced fuel
injector/combustor dome



Mass

Economics
(cost, schedule, risk) Reusability
Propellant Strength
and Oxidizer | , ] |
Compatibility . g B, /) Conductivity

Multi-alloys (CTE, etc) —),

— Thermal gradients
Complex geometry —

((Engine Dynamics))))

____Cryogenic
Propellants

Hot combustion gases —

Duty cycles (fatigue) —

Thin walls —

1 Thrust Loads

Manufacturability m )



What is NASA’s
history with additive?
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What makes GRX-810
SO unique?



ADVANGED TURBINE
AIRFOIL DEVELOPMENT
STRATEGIES: HARVESTING
LOW-HANGING FRUIT

Oxide dispersion strengthened alloys still have potential to improve turbine

blade temperature capability beyond that of superalloy single crystals.
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High Temperature Materials:

- Refractory metals

- Carbon-Carbon composites

- CMC’s

- Ni-base superalloys

- Oxide dispersion strengthened (ODS) alloys

(ODS) alloys offer higher temperature
capabilities compared to Ni-base
superalloys. However, it has been a
challenge to produce ODS alloys through
conventional manufacturing methods.

Protective coating needed

Single
Crystals

Ti-Alloys Superalloys I

| 5
l
TiAl Alloys ]
i
Refractory Alloys

/

ODS alloys can be utilized for >1000°C
environments

500 1000 1500 2000
Temperature (°C)

Inspired by Andy Jones. ODS alloy Development.

“Usable” Strength

Conventional Manufacturing vs AM

matrix
| Mechanical Hot Subtractive Finished
alloying compaction shaping product

oxide

Laser Additive Manufacturing > Finished
product

191

Can AM improve ODS alloy manufacturability? .


https://www.mpie.de/3145914/zoom-1424187758.jpg

Leveraging L-PBF to Produce Oxide Dispersion &

Strengthened Alloys

(a) Mixing (b) (c) Laser or E-Beam
Locally I;Io:/‘v Dispersed Y,0; coated
MHiiX?:g V2 YV N Y0, . NiCoCr powder
Zones \I\ a .“"(.‘e (.‘
AN
0Neeee®

250nmBC0O Y

* New high energy mixing technique successfully coats metal powders with nano Y,0, particles.
* The coating technique does not affect the printability of the powder unlike mechanical alloying.
* L-PBF successfully disperses the nano-scale Y,0O, particles throughout the AM build.
* The coating + printing technique successfully produced an ODS alloy without the use of mechanical alloying
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. . 10° GRX-810 Equilibrium Phases
Model Driven MPEA Design i L Fce Matrix (Ni, Co, Cr, W, Re, Nb, Al)

1810 °C

Goals to improve on previous NiCoCr Entropy Alloy: 10 Liquid

1.) Maximize solid solution strengthening

2.) Maintain solid solution matrix

3.) Add grain boundary carbides

4.) Reduce freezing range to under 100°C for printability
5.) Avoid TCP and intermetallic grain boundary phases

1025
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com pOSitiOn named GRX-810 Figure: CALPHAD simulation of phase formation in new composition. No intermetallic
or TCP phases are predicted.

N JCco o JRe AL Ti Nb Mo W |z _C_ B

Nominal
Composition (GRX- Bal. 33 29 1.5 0.3 0.25 0.75 0 3 0 0.05 0

810)

Simulations developed by C. Kantzos



Did GRX-810 pass
the test?



GRX-810 Microstructure

High resolution microscopy reveals dispersed nano-oxides and grain boundary Nb/Ti-rich MC
Carbides.



GRX-810 Tensile Overview

Tensile Strength Comparison 1093°C Yield Strength vs. Temperature
140 300
120 a7
= 100 250
a
2 80
<
+ 200
2 60
o
» 40 E
150
20 =3
=
0 Wrought N WroughtIN  Wrought  GRX-810HIP GRX-810 As- GRX-810 As- c:m 100
718 625 Haynes 230 built (non- built v
0oDS) &-;
As-built GRX-810 Tensile Properties 50
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Above 900°C GRX-810 is stronger than most “printable” superalloys. Above
1200°C, GRX-810 is stronger than CMSX-4



Creep Rupture Lives Comparison- 1093°C
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Table: Time to reach 1 % Creep Strain at 20MPa. Note: Superalloy 625 test was performed at 14 MPa.
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Fatigue Life of GRX-810

Room Temperature Fatigue Life High Temperature Fatigue Life
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How does it stand up in
NASA applications?



 GRX-810 is actively used for liquid
rocket engine various injectors and
channel-cooled nozzles L-PBF

manufacturing and testing
* Rotating detonation rocket engines
* Lander development engines

* Propellants: LOX/LH2 and LOX/LCH4

 Chamber Pressure ~750 psig (52 bar)
e LOX/LH2 Mixture Ratio=5.3-7.0
e LOX/LCH4 Mixture Ratio=2.7-3.6

 Demonstrate successful component
fabrication process

* Challenge material at elevated
temperatures in actual components

* Increase TRL from3 > 5




Injector Test Results

* GRX-810 Injector A achieved 84 starts and 2,228 sec (LOX/LCH4)

 Demonstrated greater life than Inconel 625/718 equivalent

* GRX-810 Injector B achieved 30 starts and 591 sec (LOX/LCH4)
* GRX-810 Injector C achieved 9 starts and 303 sec (LOX/LH2)
* Inconel 625 injector saw heavy erosion after 10 starts

22
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Turbine Blisk %,
Demg $

Turbine Blade with integral
instrumentation ports o
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What’s next for alloy
development?



dditive |V aterial Feadiness | evels

-
S e
V),
P

~- e

Production Established and Fully
Relevant component Characterized Microstructure
testing with actual loads ™)

é - 9

. Specs,
t_SuppIementaI processing  Flight'production,
and part demonstrators

Mechanical and
thermophysical
Properties established
and characterized

Feedstock
Produced and

Characterized . o
Build Parameters and Sensitivities;

Geometric Limitations

Chemical Composition
Established

Requirements and Basic
Material Concept

26



GRX-810 Reuse and Other Studies

Printer Test Number | Avg. 0.2% Yield Avg. Tensile Avg. Elongation
Material Condition Machine Orientation Recycled | Temperature (F) | of Tests Strength (ksi) Strength (ksi) (%)
NASA GRX-810 -
Virgin As-built M400-4 Horizontal No 2000 16 13.3 14.3 14.2
NASA GRX-810 -
recycled As-built M280 Horizontal Yes - 25x 2000 4 14.4 15.76 13.1

Empirical evidence suggest that GRX-810 could be recycled many times without a degradation of properties or printability.

Current work: NASA is currently performing a quantitative reuse study on coated

GRX-810 powder.

e Left: Build layout of the GRX-810 reuse study

* The study will explore 25 print cycles with the same powder lot without new
powder additions between cycles.

* The study will record any changes in powder characteristics, defect formation,
thermo-physical properties, tensile strength, fatigue, and creep.

e Currently printing cycle 15 out of 25.

Future work: NASA is currently exploring next generation dispersion alloys for a
multitude of applications and environments.




GRCop-42, High conductivity and strength for
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Questions?



Image from Artemis Il Mission, April 2, 2026

Image from Artemis Il Mission, April 6, 2026

Contact: \\//

Dr. Paul Gradl Dr. Tim Smith
NASA MSFC NASA GRC
Paul.R.Gradl@nasa.gov  Timothy.M.Smith@nasa.gov
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Backup



Component Starts Duration Pc MR

(-) (-) (s) (bar) (psia) (-)
H2 Injector SNO1 9 302.8 495-572 718-829 5.33-7.02
CH4 Injector SNO02 29 586.5 37.4-524 542-760 3.03-3.65
CH4 Injector SNO3 84 22279 432-52.1 626-756 2.68-3.19
Nozzle SN04 91 2,3094 374-52.1 542-756 2.68-3.11
Nozzle SNO5 8 149.1 49.0-505 711-732 3.00-3.19
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Typical Process Flow of GRX-810 Hardware

Additive Manufacturing ! ]

CAD; Slicing Part Verification
and Toolpath > L -PBF > Powder > (e.g., Structured
Generation Removal Light and CT
Scanning)
l Post-Processing
Surface
Build Plate . Refinement _ o
> HIP »  Machining » (e.g., Chemical » Final Machining
Removal ’ :
Mechanical
Polishing, Honing)
l Validation and Service Life
Proof Testing > Cleaning — Testing /

Service
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GRX-810 Surface Enhancement Development

L-PBF GRX-810 ' Post-Process SEM ace Texture
AB: As built 8.586um
EP: Electropolish <3
! CM: Chem Milling .
. CMP: Chemical mechanical polish 1000 O - 1000200%5 —_—
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AFH: Abrasive flow honing
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Ongoing NASA and Supply Chain Development

* Material property testing to mature publicly accessible mechanical and
thermophysical data
* Tensile and fatigue
* Bulk properties and thin-wall studies
* Elevated temperatures approaching 1300°C
* Fracture toughness and crack growth
* Oxidation studies

Process capability geometric variations

Process build interruption studies

Surface enhancements and polishing

Hot isostatic pressing (HIP) studies

Weldability trials

Machinability trials

Powder recycling studies

Powder qualification procedures

Evaluation of laser powder directed energy deposition (LP-DED)



Summary and Future Work

* Demonstrated successful formulation, powder
processing and coating, microstructure characterization,
mechanical properties, component development and
hot-fire testing of GRX-810 alloy.

 Successful scale up to large-scale platform and
properties.

* Elevated temperature tensile (1100°C) is 2x Alloy 718.

* 1,000x improved creep rupture compared to Ni-based
superalloys.

 Demonstrated successful injectors and nozzle L-PBF
builds, processing, and hot-fire testing.

* Accumulated significant time and starts in actual enginel '/ a.,,i
conditions, increased TRL =5 4 F’ﬂ é
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